We report on ac magnetic susceptibility measurements under pressure of the Au-Al-Yb alloy, a crystalline approximant to the icosahedral quasicrystal that shows unconventional quantum criticality. In describing the susceptibility as χ(T ) −1 − χ(0) −1 ∝ T γ , we find that χ(0) −1 decreases with increasing pressure and vanishes to zero at the critical pressure P c ≃ 2 GPa, with γ (≃ 0.5) unchanged. We suggest that this quantum criticality emerges owing to critical valence fluctuations. Above P c , the approximant undergoes a magnetic transition at T ≃ 100 mK. These results are contrasted with the fact that, in the quasicrystal, the quantum criticality is robust against the application of pressure. The applicability of the so-called T/H scaling to the approximant is also discussed.
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ceptibility and C P is the specific heat), 5 suggesting that the system is just at the QCP without tuning.
In contrast, we found no divergence in the Au-Al-Yb approximant crystal, a crystalline phase whose unit cell has atomic decorations (i.e., Tsai-type clusters) that look like the quasicrystal (see Fig. 1 of Ref. 5 ). Magnetic susceptibility is described by 1/χ − 1/χ(0) ∝ T 0.51 [5] , where the constant term χ(0) −1 ensures the absence of divergence, indicating that the system is away from the QCP.
The origin of the unusual low-temperature properties of the quasicrystal and the approximant is still controversial. 4, 6, 7 Interestingly, these non-Fermi liquid features are similar to those of the heavy fermion crystals β-YbAlB 4 and YbRh 2 Si 2 . [8] [9] [10] [11] Therefore, further study of the Au-Al-Yb systems is helpful for obtaining a deeper understanding of quantum criticality in strongly correlated electron systems.
The quantum critical behavior of the quasicrystal is robust against the application of hydrostatic pressure (P). The divergence of magnetic susceptibility with the same critical index γ was observed even at P = 1.54 GPa, 5 leading us to suggest the P-T phase diagram as schematically shown in Fig. 1(a) . Instead of a quantum critical "point" in a conventional case, there seems to be a quantum critical "line" denoted by the thick line. This demonstrates that the quasicrystal is distinguished from conventional heavy fermion crystals in which there is a single QCP (or two QCPs as discussed below) and a tuning parameter is needed to control the distance from the QCP. In contrast, the approximant shows a nondiverging feature at ambient pressure; the susceptibility saturates at a finite value χ(0) with lowering temperature.
However, it is yet unknown how the approximant behaves under pressure. Here, we study the high-pressure magnetic susceptibility of the approximant crystal and report the emergence of indicates the QCP. T * V is a characteristic temperature that is related to valence crossover. 3 T m and MG indicate a magnetic-ordering temperature and a magnetic ordered state, respectively.
J. Phys. Soc. Jpn. quantum criticality due to critical valence fluctuations at the critical pressure P c , above which the magnetic ordering occurs [see Fig. 1(b) ]. We also study the magnetic field effect on the criticality. It is known that the susceptibility is suppressed by the dc magnetic field at ambient pressure for both the approximant and the quasicrystal. 5 Here, we report that the approximant shows a similar suppression of the susceptibility under pressure, which enables us to examine quantum criticality in terms of T/H scaling relations. 12 The ac magnetic susceptibility χ was measured by the conventional mutual inductance method. A modulation field with a frequency of 100.3 Hz and an amplitude of 0.1
Oe was superimposed on a dc magnetic field supplied by a superconducting magnet. For the calibration of the ac magnetic susceptibility, we measured the dc magnetization M using MPMS (Quantum Design) at pressures of up to 1.2 GPa, above which we extrapolated the dc magnetization data. Hydrostatic pressure was generated using a NiCrAl-BeCu piston cylinder cell for the measurement of ac susceptibility, together with Daphne oil 7373 as a pressure-transmitting medium. The pressure at low temperature was determined from the superconducting transition temperature of indium 13 that was put into the pressure cell together with the sample. Figure 2 shows the temperature dependence of the ac susceptibility, χ(T ), of the Au-Al-J. Phys. Soc. Jpn.
Yb approximant crystal under the dc magnetic field H and the hydrostatic pressure P. Here, χ(T ) is the real part of the ac magnetic susceptibility. The low-temperature susceptibility for H = 0 strongly increases with pressure, whereas the application of the dc field suppresses this increase. At P = 2.39 and 2.79 GPa (the highest pressure of the present measurement), a peak structure is formed at T m ≃ 100 mK for H = 0. It remains unknown whether this anomaly is associated with an antiferromagnetically long-range ordering or a spin-glass-like short-range ordering.
On the basis of the results obtained in Ref. 5 (see above), we assume the following modified Curie-Weiss relation for H = 0 except in a temperature region near T m ;
Here, the traditional Curie-Weiss plot where 1/χ is a straight line as a function of T is replaced It is now evident that the approximant is qualitatively different from the quasicrystal in the response to hydrostatic pressure, as schematically illustrated in Fig. 1 . It seems reasonable to assume that this difference between the quasicrystal and the approximant is ascribed to the absence/presence of the periodicity. This is one of the primary results of this study.
In what follows, we study the magnetic field effect on the criticality. First, we examine the scaling properties of the ac susceptibility χ = dM dH
. Let us start from the following uniform and static susceptibility that is deduced from the generalized susceptibility proposed for CeCu 6−x Au x by Schröder et al.,
where k B , g, µ B , and θ are the Boltzmann constant, effective g-factor, Bohr magneton, and
Weiss temperature, respectively. η is a scaling function of the ratio H/T only and equal to 1 for H/T = 0. The power index α was found to be 0.75 for CeCu 6−x Au x . For the present system, we obtain α = 0.5 by comparing Eq. (2) with the phenomenologically determined Eq. (1). (Note that η = 1 for H = 0.) Defining X as
we obtain the scaling relation
At the QCP where χ(0) −1 = θ 0.5 /C = 0, we have X = χ and hence the scaling relation
We plot χT 0.5 and XT 0.5 as functions of H/T in Figs. 4(a) and 4(b), respectively. In Fig. 4(a) , we find that only the data of P = 1.96 GPa close to P c collapse on a single curve, meaning that the scaling relation Eq. (5) holds in the present system. Equation (4) also holds because the data even at P P c fall on a single curve, as seen in Fig. 4(b) . Taking into account the fact that C depends on pressure [see Fig. 3(a) ], we plot XT 0.5 /C in Fig. 4(c) ; although the ambient-pressure data scatter owing to their small susceptibility, all pressure data taken here fall on a single curve, which manifests that XT 0.5 /C is a function of H/T only.
Equation (4) is confirmed more quantitatively. According to the asymptotic form of the scaling function η −1 , This indicates that the magnetic field drives the system to the Fermi liquid regime.
Next, we discuss that the unusual exponent α = 0.5 obtained above can be deduced from the following low-temperature free energy, which was proposed for the analysis of the quantum criticality of β-YbAlB 4 by Matsumoto et al.,
whereT is a characteristic temperature. By differentiating F with respect to H, we obtain the ac susceptibility and the dc susceptibility M/H (where M is a magnetization) as
where ψ and ϕ are scaling functions, and ψ = Then, we test the scaling relation Eq. (9) for the dc magnetization using data taken at high temperatures (2 K T room temperature) and high dc fields (H 70 kOe) (see Fig. 5 ). (We used the ambient-pressure data instead of the high-pressure one because the high-pressure magnetization contains a non-negligible contribution from the pressure cell and it was difficult to accurately separate the sample magnetization from the total magnetization.)
For T/H > 10 (i.e., T > 10 K for H = 1 kOe), we find a deviation from the expected behavior (denoted by the thin line) from the asymptotic form
This is ascribed to the crystal field effect because the 4 f electrons are localized at high temperatures as evidenced by the conventional Curie-Weiss behavior in χ(T ). 5, 15 It is now clear that the T/H scaling holds (except in the very high temperature region)
in the approximant like CeCu 6−x Au x and β-YbAlB 4 . We note that the same scaling is also applicable to the Au-Al-Yb quasicrystal (not shown here). In all four systems, therefore, the critical field H c of the quantum phase transition is zero because a finite H c would require that the argument of the scaling functions is the ratio T/|H − H c |. 9 This may lead to a similar H-T phase diagram for those systems. In contrast, the P-T phase diagram strongly depends on the system as demonstrated in Fig. 1 Let us discuss a possible origin of the QCP. As presented above, the uniform susceptibility shows the power law divergence with the critical index γ ≃ 0.5 at P = P c . This divergence cannot be understood from the conventional magnetic QCP because the high-pressure magnetic state is not ferromagnetic but antiferromagnetic (or spin-glass-like). Instead, the divergence with the above critical index can be explained by the critical valence fluctuation model proposed by Watanabe and Miyake. 18 Remembering that the valence in the present system fluctuates between Yb 2+ and Yb 3+ as evidenced by X-ray absorption experiments 19 and photoemission experiments, 20 we suggest that the QCP arises from the critical valence fluctuations. This interpretation is supported by the theoretical suggestion that the scaling relation Eq. (9) is deduced from the critical valence fluctuation model. 21 Finally, we comment on the P-T phase diagram of the approximant. In Fig. 1(b) , we plot the valence-fluctuation QCP. We found the emergence of the magnetic (short-range or long-range) ordering state at pressures above P c . Therefore, it is possible that there is another QCP of magnetic origin at which T m vanishes. The interplay between magnetic and valence instabilities was predicted using the critical valence fluctuation model, 3 and was observed experimentally in YbNi 3 Ga 9 . 22 To compare these results with the present system, a detailed P-T phase diagram of the approximant should be constructed.
In summary, we measured the ac magnetic susceptibility of the approximant crystal
